A preparative two-dimensional polyacrylamide gel system was used to separate and purify the major
protein B-23, and residual components of core heterogeneous nuclear ribonucleoproteins. The remaining eight major proteins termed the nuclear matrins consisted of matrin 3 (125 kDa, slightly acidic), matrin 4 (105 kDa, basic), matrins D-G (60-75 kDa, basic), and matrins 12 and 13 (42) (43) (44) (45) (46) (47) (48) acidic) . Peptide mapping and two-dimensional immunoblot studies indicate that matrins D-G compose two pairs of related proteins (matrins D/E and F/G) and that none of the matrins resemble the nuclear lamins or any of the other major proteins detected on our two-dimensional gels. Subfractionation immunoblot experiments demonstrated the nearly exclusive localization of matrins F/G and other matrins to the nuclear matrix fraction of the cell. These results were further supported by indirect immunofluorescence microscopy that showed a strictly interior nuclear localization of the matrins in intact cells in contrast to the peripherally located nuclear lamins. We conclude that the nuclear matrins are a major class of proteins of the nuclear matrix interior and are distinct from the nuclear lamins.
There is a growing awareness that many of the important answers to questions concerning the expression and regulation of the eukaryotic genome will require an understanding of the higher-order arrangement and function of the genetic components as they interact within the complex threedimensional architecture of the cell nucleus (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The nuclear matrix, a residual nuclear structure that has been isolated from a wide variety of eukaryotic cells throughout the phylogenetic scale (1-3, 6, 7, 13-16) , offers a potentially valuable in vitro approach for studying nuclear processes in relation to nuclear structure. Indeed, numerous studies have implicated the matrix as a site of organization for virtually all known nuclear processes (1-11, 13, 16) , such as, DNA loop attachment, DNA replication, transcription, RNA splicing and transport, hormone receptor function, carcinogen binding, oncogene proteins, viral proteins, and protein phosphorylation.
Despite this progress, our knowledge of the proteins that compose this proteinaceous nucleoskeletal structure is still in its infancy. In this study we have used high-resolution preparative PAGE to identify and purify many of the major Coomassie blue-stained nuclear matrix proteins. A class of nuclear matrix proteins termed the nuclear matrins is identified and characterized by peptide maps, polyclonal antibodies generated against the individual purified matrins, and indirect immunofluorescence microscopy.
MATERIALS AND METHODS
Isolation of Nuclei and Nuclear Matrix. Nuclei and nuclear matrix were isolated from rat liver by a modification of the high-salt extraction procedures of Berezney and Coffey (6, 14, 15) as described (17) . Phenylmethylsulfonyl fluoride (1 mM) and sodium tetrathionate (0.1 mM) were added to all the isolation solutions through the high salt extraction (2 M NaCl) step (17) .
Two-Dimensional (2D) Electrophoresis, Purification of Individual Nuclear Matrix Proteins, and Preparation of Chicken Polyclonal Antibodies. The 2D nonequilibrium pH gradient and SDS/PAGE system of O'Farrell et al. (18) was modified to optimize separation of the major nuclear matrix proteins on a large scale. Total rat liver nuclear matrix protein (2-3 mg) was separated on 13-cm tube gels for the firstdimensional pH gradient (pH 3-10 ampholytes, 400 V, 14-16 h, 22°C). The second-dimensional gels measured 15 cm x 30 cm x 1.5 mm and consisted of a 2-cm 3.5% polyacrylamide stacking gel on top of a 28-cm 5-12% gradient gel. Electrophoresis was performed at 15 V for 4 h followed by 250 V for 20-24 h at 4°C. The gels were stained with Coomassie blue and the major stained spots were excised and stored at -20°C. The individual proteins were further purified after extraction from the gel pieces (in 60 mM TrisHCl, pH 6.8/0.1% SDS/2% 2-mercaptoethanol) on one-dimensional (1D) SDS/PAGE gels (10% polyacrylamide) according to Laemmli (19) and stored as gel slices at -20°C.
For polyclonal antibody production, multiple gel slices for each protein were washed four times with 10 mM sodium phosphate, pH 7.2/0.15 M NaCl and homogenized in the same buffer with 2 vol of Freund's complete or incomplete adjuvant. Intramuscular and subcutaneous injections into mature laying hens were given with complete adjuvant at day 1 (100-200 gg of protein) and every 2 weeks with incomplete adjuvant (50-100 ,ug of protein). Sera were prepared at day 28 and subsequently every 2 weeks.
2D Western Blot Analysis. Total nuclear matrix protein (100 ,ug) was separated on the 2D gel system described above on a miniscale (5.5-cm tube gels and 5 cm x 7.5 cm x 0.45 mm slab gels) and electrophoretically transferred to a nitrocellulose sheet (20) . After blocking with 0.2% Tween 20/10 mM Tris-HCI, pH 7.4/0.15 M NaCl for 2-4 h, the blots were stained with india ink (21) or incubated for 12 h with the various polyclonal antibodies (1: 100 dilution of sera) followed by 2 h with alkaline phosphatase-conjugated goat antichicken IgG secondary antibodies (1:1000 dilution) and developed as described (22) .
Peptide Analysis of Purified Nuclear Matrix Proteins. Proteins were extracted from the gel slices as described above for the 2D gel pieces, precipitated with 3 vol of absolute ethanol (-20°C, 16 h), and dissolved in 0.1% SDS/60 mM Tris-HCI, pH 6.8. For 1D peptide analysis, 3 1,u of each purified protein solution (3 jig of protein) was incubated with 2 ,1l of either L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (80 ng; Sigma) or protease V8 (300 ng; Sigma) for 1 h at 370C and subjected to SDS/PAGE using either a 15% (protease V8 digested) or 12% (trypsin digested) minigel (19) . The gels were stained with Coomassie blue. For 2D analysis, 14 pug of each nuclear matrix protein was incubated with 160 ng of trypsin (370C, 1 h). The reactions were stopped with 0.1 mM phenylmethylsulfonyl fluoride, and the peptides were precipitated with ethanol and subjected to 2D SDS/PAGE using the 10%o polyacrylamide minigel system described above.
Affinity Purification of Chicken Polyclonal Antibodies and Indirect Immunofluorescence Microscopy. For immunofluorescence microscopy, the sera containing the polyclonal antibodies were first affinity purified on nitrocellulose. Nuclear matrix proteins from 2D gels were transferred to nitrocellulose (20) . Individual spots corresponding to the major proteins were identified by brief staining with india ink (21) , excised, and incubated with the corresponding chicken serum (16 h, room temperature). The filter spots were washed four times with 0.2% Tween 20/10 mM TrisHCl, pH 7.4/0.15 M NaCI and distilled water. Affinity-purified antibodies were eluted from the nitrocellulose with 0.1 M glycine hydrochloride (pH 2.2) on ice for 5 min and immediately neutralized with 3 M Trizma base. Immunofluorescence microscopy was performed on rat kangaroo kidney (PtK1) cells grown on coverslips as described (23) .
RESULTS
2D Polyacrylamide Gel Electrophoresis and Identification of Nuclear Matrix Proteins. Nuclear matrix proteins from rat liver were separated on a preparative 2D SDS/PAGE system (18) . Whereas >50 spots were detected on the 2D gels ( for certain experiments, and protein 1, which often appears as a more minor protein by Coomassie blue staining. Since our preparations include the nuclear lamins A, B, and C as major components, we have also labeled a series of four proteins, proteins D-G, that migrated at similar apparent molecular masses (60-75 kDa) but are much more basic in charge. The 2D pattern of the major Coomassie blue-stained polypeptides was extremely reproducible in rat liver and was also characteristic of nuclear matrix isolated from a variety of other mammalian cells including HeLa S-3 (24), Chinese hamster lung cells (Don line), mouse 3T3 fibroblasts, and PtK1 rat kangaroo kidney cells (data not shown).
Relationship of Nuclear Matrix Proteins to Known Nuclear Proteins. To determine whether any of the major proteins other than the nuclear lamins were known nuclear proteins, we obtained a variety ofantibodies to nuclear proteins. These included antibodies to core heterogeneous nuclear ribonucleoproteins (hnRNPs) A, B, and C (25-27), other presumptive hnRNPs (26, 27) , proteins of the small nuclear RNP particles (28, 29) , the nucleolar specific proteins B-23 or numatrin (30, 31) , and C-23 or nucleolin (32, 33) . Immunoblot analysis showed that spot 14 is B-23 and spot 15 contains hnRNP core proteins (data not shown). All the other antibodies to RNP and nucleolar proteins reacted only with more minor polypeptides on the 2D gels (data not shown). Proteins 3, 4, 12, 13, and D-G are, therefore, uncharacterized major proteins of the nuclear matrix. We have termed these proteins the nuclear matrins to distinguish them from nuclear lamins A, B, and C.
Purification and Peptide Mapping of Individual Nuclear Matrix Proteins. We next purified large quantities of individual major matrix proteins from 64 preparative 2D gels (Fig.  2c) . The 1D V8 peptide maps of most of the proteins were very different (Fig. 2a) . As reported (34), the peptide maps of lamins A and C were very similar to each other but quite distinct from that of lamin B. Since matrins D-G were very resistant to V8 protease, we used trypsin digestion. but were very different from those of lamins A and C (Fig.  2b) . Matrin G showed a digestion pattern distinct from the lamins and matrins D and E.
The 2D peptide maps of lamins A and C were very similar with a few differences indicated in the areas of the gels enclosed by broken lines (Fig. 3 a and b) . Lamin B had a very different peptide pattern (results not shown). The 2D peptide maps of the matrin pairs D/E (Fig. 3 c and d ) and F/G (Fig.   3 e and f) , respectively, were also similar but very different from either the lamins or each other.
Characterization of Nuclear Matrins with Polyclonal Antibodies. Polyclonal antibodies were raised in chickens to the purified major matrix proteins. Positive sera were obtained for matrins 3, 4, 13, and A-G. A high degree of specificity was indicated on 2D Western blots. Anti-matrin 3 and 4 antibodies reacted only with matrins 3 and 4, respectively (Fig. 4 i and  j) . Both anti-lamin A and C antibodies reacted with both lamins A and C but not with lamin B (Fig. 4 c and d) . This is consistent with the near identity of lamins A and C in primary structure (35) (36) (37) . A similar cross reactivity was found with antibodies to matrins D and E (Fig. 4 e and] ) and matrins F and G (Fig. 4 g and h) , respectively. Antibodies to these proteins, however, did not react with lamins A, B, or C or other matrix proteins. Our immunological results suggest a relationship between the protein pairs lamins A/C, matrins D/E, and matrins F/G and are consistent with the 2D peptide map studies of Fig. 3 , which suggested significant similarity in the primary sequence of these pairs of proteins. The chicken sera raised against matrin 13 showed a relatively weak signal on Western blots. It did, however, cross react with matrin 12 (data not shown) suggesting that proteins 12 and 13 may represent another example of a related matrin pair.
Cellular Distribution of the Nuclear Matrins. The subcellular distribution of the nuclear matrins in rat liver tissue was then examined on 1D immunoblots (Fig. 5) . Matrins F/G were detected in isolated nuclei (lane 7), enriched in the nuclear matrix fraction (lane 11), and depleted in the high salt extract (lane 9), which contains the bulk chromatin and most of the nuclear protein. signal in the total liver homogenate fraction was anticipated since nuclear proteins are <5% ofthe total protein of the liver tissue. Our findings suggest an exclusive nuclear localization of matrins F/G in the cell and their virtually complete association with the nuclear matrix subnuclear fraction. Similar results were obtained for matrins D, E, 3, and 4 (data not shown).
We next examined the structural localization of the nuclear matrins in whole cells by indirect immunofluorescence microscopy. Unlike lamins A and C, which are located along the nuclear periphery (Fig. 6a) , the nuclear matrins are found exclusively within the nuclear interior with no significant staining of the nucleoli (Fig. 6 c, e, g, and i ). The staining patterns for all the nuclear matrins examined appear identical and consist of a tightly packed network of fibrogranular structures.
DISCUSSION
Nuclear matrix proteins are the nonhistone proteins found in the nuclear matrix subfraction after nuclease, salt, and detergent extraction of isolated cell nuclei (1-6, 13-16 ). Virtually all known nuclear functions are associated with this proteinaceous nucleoskeletal structure (1-13, 16 ). Morphologically, the nuclear matrix consists of residual components of the nucleolus, nuclear envelope (generally termed the nuclear lamina), and an elaborate fibrogranular network that extends throughout the nuclear interior and is often termed the internal matrix (1-6, 14-16 ). Progress has been made in Proc. Natl. Acad Sci. USA 88 (1991) elucidating the three-dimensional structure of the matrix (13, 38, 39) , and these results have led to a growing use of isolated nuclear matrix as an in vitro system for studying the higherorder arrangement and expression of the eukaryotic genome (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 16) .
Although our knowledge of the nuclear matrix proteins is very limited, it is clear that a detailed molecular analysis of the individual proteins is of paramount importance for deciphering the structural organization and molecular details of the functional processes associated with this intriguing nucleoskeletal structure. Previous studies using 1D SDS/PAGE (2, 6), although useful for providing an initial indication of the overall polypeptide profile of the nuclear matrix, are extremely limited due to the enormous complexity of the protein composition.
The 2D analyses of nuclear matrix proteins performed by several groups stress the high degree of complexity of these polypeptide profiles (13, (40) (41) (42) (43) (44) (45) (46) . By using [35S]methionine labeling for detection, Fey and Penman (42) have detected >200 proteins in the nuclear matrix. Stuurman et al. (46) have also found enormous complexity in the 2D profiles with the sensitive silver staining procedure. Despite this complexity, these studies have provided valuable information. For example, the total nuclear matrix proteins can be separated into two major classes: those found in a variety of cell lines (common matrix proteins) and those that are cell-type and differentiation-state dependent (13, 42, 46, 47) .
In this study we have developed a 2D PAGE system that optimally separates many of the major nuclear matrix proteins. We detected in rat liver nuclear matrix =12 major Coomassie blue-stained protein spots along with >50 more minor spots. A virtually identical pattern of major Coomassie blue-stained proteins was detected in 2D PAGE profiles of nuclear matrix obtained from a variety of mammalian cell Antibodies to known nuclear proteins revealed that five of the major Coomassie blue-stained proteins correspond to lamins A, B, and C, B-23 or numatrin, and hnRNP core proteins. The remaining eight proteins (termed nuclear matrins to distinguish them from the nuclear lamins) consisted of matrins 3, 4, D-G, 12, and 13. Matrin 3, a high molecular weight slightly acidic protein of 125 kDa, likely does not correspond to the nuclear matrix protein "mitotin," which migrates to a similar position on 2D gels but is found only in proliferating cells (48) . Matrin 4 (105 kDa, basic) likely corresponds to p107, the nuclear-matrix-associated protein described by Smith et al. (49) . Matrins 12 and 13 show no obvious relation to identified nuclear-matrix-associated proteins. A possible relationship to the 36-and 40-kDa nuclear matrix proteins reported by Lehner et al. (50) remains to be examined. Matrins D-G likely correspond to an ill-defined cluster of 60-to 75-kDa basic nuclear matrix proteins observed in several studies (41, 43, 45, 46) . Halikowski and Liew (51) have also identified a presumptive chromatin protein(s) termed B2 that migrated in the same general position as this basic cluster. B2, which is also a highly phosphorylated protein, was shown to be also associated with the nuclear matrix (52) .
Peptide mapping and antibody cross-reaction studies indicated that the nuclear matrins are distinct from the nuclear lamins. Immunofluorescence microscopy, furthermore, revealed a strictly interior nuclear location for the matrins as opposed to the peripherally located lamins. These results are consistent with Kaufmann and Shaper (45) who reported that components in the cluster of 60-to 75-kDa nuclear matrix proteins had 1D peptide maps different from the lamins and did not recognize anti-lamin antibodies on immunoblots. Our results further indicate that the four proteins identified in this cluster form two pairs of related proteins (matrins D/E and F/G). Matrins 12 and 13 may form a third pair and matrins 3 and 4 showed no relationship to any of the other matrix proteins.
We propose that the nuclear matrins compose a broad family of structural proteins in the nucleus with potential subfamilies indicated by the various protein pair homologues. The actual relationship of each putative protein pair, however, will require more detailed molecular studies. In this regard, this laboratory has demonstrated that matrins D/E and F/G specifically bind DNA on 2D Southwestern blots, whereas matins 3, 12, and 13 do not (53) . Moreover, the cDNA coding regions for matrins F/G and 3 have been sequenced and are-as predicted from this studycompletely unrelated (23, 54) . Consistent with their DNA binding properties, the matrin F/G primary structure contains putative zinc-finger DNA binding motifs (54) , but no known DNA binding motif was identified in matrin 3 (P. Belgrader and R.B., unpublished data).
